Abstract-The design of synchronous multiphase DC-DC converters allows improvements of the characteristics of high power systems. The automotive industry forecast that future power demands inside a car will oscillate between 2.5 kW and 3.5kW, keeping a dual system of 42/14V batteries. In this paper, an optimized fuzzy control algorithm has been developed to control a synchronous multiphase converter of 1.6kW for dual voltage architecture in future vehicle applications. The proposed optimized fuzzy control algorithm is analyzed and simulated together with a non lineal model of the power stage, by means of Matlab and Simulink. This simulation platform also integrates tools for a future implementation of the controller embedded in a FPGA. The main contribution of this work is the implementation of an optimized fuzzy algorithm of control that can be used independently of the number of phases of the converter, making it suitable to be applied in a wide range of high power applications. This algorithm has been designed having in mind the o goal of developing a real-time FPGA-based controller, so the complexity has been reduced to a minimum. Hybrid vehicles, aerospace and naval industry power systems can also benefit from the development of this algorithm.
I. INTRODUCTION
Actual and future trends in car manufacturing show a rising tendency to install electrical and electronic components that provide great level of security and comfort for the users. For example, positioning systems, powerful sound equipment, conditioned air, thermal steering wheel, etc. All these equipment represents an enormous load increase for the electrical system that cannot be assumed with the present system of 14V. The automotive industry forecast that in the next years, power demands inside a car will oscillate between 2.5 kW and 3.5kW [1] .
In addition to the controllers of motors, switches and protections, one of the main new components inside of the car will be one or more DC-DC converters [2] . These converters will be necessary to reduce the 42V from the battery -alternator to the more usual 14V, to supply power to all the systems that initially will not be able to use 42V. In the first applications in vehicles with 42V, the power demanded by the different loads is expected to be between 1 and 2 kW. This is the reason why it is possible to consider developing several parallel connected converters [3] , [4] . In the future, the number of loads that can be fed directly from 42V will be greater, but a demand of small converters for applications of 14V and 5V will still exist.
The proposed solution is to design and modeling a multiphase converter of 16 phases, as shown in Fig. 1 , that can be included in a dual power system inside a car with batteries of 42/14V. Employing such a high number of phases minimizes the passive components size in each one, and also reduces the stress level due to lower currents. However, such a high number of phases implies a specific control scheme that allows synchronization between phases, in order to reduce output voltage ripple of the converter and equalize output currents among all the phases. A digital fuzzy controller is chosen to achieve this task. To develop all the task involved, a non linear model of parallel DC-DC converters on Matlab and Simulink, is applied because it is very important to achieve a good understanding of the real non linear dynamic behavior of the fuzzy controller together with the power circuit. These tools allow systematic tests of the fuzzy control algorithms, in order to compare the resulting data simulations to find the optimal fuzzy controller. As general steps, first the feedback variables are selected among all the available in the converter, then the membership functions for the inputs and the output are designed, and finally the rule base for the fuzzy inference engine is described.
II. THE MATHEMATICAL MODEL
A non linear model of paralleled switched power converters is the foundation tool employed to analyze and design the whole system. Matlab, as a complex and flexible mathematical software tool was selected as foundation. The first step of this model was the development of a non linear mathematical and simulation model of the PWM modulator.
The following step was to create simulations blocks to model output filters and feedback circuits to achieve a complete converter [5] , [6] , and finally develop blocks to model a system composed of paralleled multiphase converters [7] . This mathematical and simulation model, focused in complex applications, brings an associated modeling methodology with the following characteristics:
• A mathematical and functional description of the PWM modulator, based on the Heaviside's Unitary Pulse
• A mathematical and functional description of output filter circuits, valid in continuous and discontinuous mode, where the value of the output load can be changed linear or non linear.
• The control loop can accommodate linear and non linear (discrete, fuzzy, etc...) compensating schemes.
• The model of one converter can be extended to nparalleled multi-phase converters. This methodology was previously applied to design, modeling and simulation of a single buck converter, a single boost converter and two buck converters in parallel, with and without interleaving [7] , [8] . The interleaving technique is well known for reducing the size of the output filters, better dynamic response and improved EMI performance. Digital control arise as the best solution in order to solve the interleaving dynamics of elevated number of converters. Integrated together with complex control schemes, as fuzzy and neural networks, provides optimal solution for high power systems control. Simulink provides solutions to easily model different control schemes, including models of linear analog compensating schemes and complex digital ones. Due to this fact the model facilitates working with fuzzy algorithms.
A library with blocks is available in order to create simulation models fast. Usually a model of a system consist of three blocks: A Totally Controlled (PWM) Generator with complementary output (GTCc), a block to describe the non linear output filter dynamic (FVNLSR) and a compensating block to close the feedback loop. Interleaving of converters is achieved by adjusting the desired delay (input Phi) in each of the corresponding of GTCc. A single buck converter with a fuzzy logic controller simulation model is shown in Fig. 2 and the simulated output signals of output voltage and inductor current during load transients are shown in Fig. 3 In order to simulate the proposed hardware, an extension of the existing single buck model was made. The resulting 
III. DEVELOPMENT OF THE OPTIMAL FUZZY CONTROL

ALGORITHM
The main goal of this work is to develop an optimal real-time fuzzy controller [9] , [10] , [11] for synchronous multiphase DC-DC converter, that later will be implemented in a FPGA to achieve digital fuzzy control of interleaved converters. The main block diagram of the whole system, shown in figure Y, includes sixteen converters, one digital multiphase delay shifting circuit and the fuzzy controller. The design of the fuzzy controller will be independent of the number of converters in the system. Only the delay shifting circuit must be modified to generate the individual control signal for each converter.
To achieve the goal of a hardware real-time fuzzy controller, there are some considerations that must be taken into account. The frequency of the PWM signal for the DC-DC converter will be 200 kHz, so the controller process cycle must be faster than 5 µs to achieve real time operation [12] . Though FPGAs allows a great degree of parallelism in the implementation of a fuzzy controller [13] , it is necessary to reduce the total amount of hardware needed, keeping the final cost at a reasonable point. Nevertheless, to accomplish a smooth control, the controller must perform operations with an adequate precision. Specifically, the voltage error at the output must be less than 100 mV.
All the previous considerations have led to the following design decisions. The number of input variables to the controller must be minimum, as consequence only the voltage error and the error derivative in the load will be considered. The error, that is, the difference between the output voltage and the desired voltage, is calculated by an analog circuit, before applied to an A/D converter and then to the controller. This leads to a more accurate measure than considering the output voltage itself, since the resolution of the ADC is limited and the error values are smaller than the output voltage ones. This is not applicable to the error derivative, since its values can be much greater.
There will be only one controller output, the width of the PWM signal that triggers the power devices of the DC-DC converter. The PWM signal itself will be generated digitally from this width value given by the fuzzy controller. The number of membership functions for each variable must be also designed carefully to achieve the desired accuracy in the different control zones (soft start, load transients, stable state) while keeping the hardware resources limited. Again, a parallel implementation of the fuzzyfication process for each membership function will be implemented.
The shape of the membership functions will be triangular or trapezoidal and the number of rules must also be limited though we have developed a semi-parallel hardware implementation of the fuzzy inference engine that accelerates the computation. The method for calculating the output PWM from the corresponding fuzzy output will be the centroid one. This method has the heaviest computational load of all defuzzyfication methods, but leads to the best results. Given that there is only one output, it is convenient to achieve the best precision possible. A block diagram of the fuzzy controller with the two aforementioned inputs , error and error derivative, and the pulse width output is in Fig. 5 . The membership functions of the input and output variables are also shown in Fig. 5 . The table included in Fig. 5 shows the rule base that defines the control algorithm and relates the inputs with the output. The abbreviations in this table correspond to those given in  Tables I, II and III.   TABLE I   MEMBERSHIP FUNCTIONS FOR INPUT The inputs membership functions for the error are closer to each other near the zero value, but move away as the absolute values of the inputs increase. This is one of the advantages of a fuzzy controller against a conventional one. It is very easy to tune the controller for different control zones, here for the near stable state (error close to zero) against transient states. As shown, the inputs membership functions are closer to each other near the zero value but move away as the absolute values of the inputs increase. This is one of the advantages of a fuzzy controller against a conventional one. It is very easy to tune the controller for different control zones, here for the near stable state (error close to zero) against transient states. It is shown in Fig. 6 a graphical representation of the resultant control surface. A block diagram for the digital system needed to implement the real-time fuzzy controller in an FPGA is show in Fig. 7 . All the circuits in that system were designed using the Xilinx "System Generator" Toolbox for Simulink. With this tool, the design process allows to directly program the FPGA without leaving Simulink. Nevertheless, it is also possible to obtain an intermediate VHDL description file for the whole system to optimize the FPGA implementation through the use of the Xilinx Foundation ISE tools, specific for this task.
It is shown in Fig. 8 the XUP Virtex2-Pro board used to implement the fuzzy controller. This boards hosts a XC2VP30 FPGA from Xilinx. This FPGA has almost 31,000 
IV. RESULTS AND DISCUSSION
Graphical simulation results for the soft start of the DC-DC converter are in Fig. 9 to 12 . The output voltage of the whole system, for a total power of 1600W, is show in Fig. 9 . Detail of the output voltage ripple is show in Fig. 10 . The main frequency of this voltage ripple is 16 times greater than the system frequency, due to the interleaving factor.
The output current of the system is the red curve above the individual inductors currents in Fig. 11 . The total current ripple is also 16 times smaller than the current ripple of each individual converter, due to the interleaving factor. Small discrepancies between average inductors currents are appreciated in Fig. 12 . These discrepancies are due to the 
V. CONCLUSIONS AND FUTURE LINES
A novel fuzzy logic controller for interleaved parallel converters has been designed to achieve both speed and being able to fit inside an FPGA, analyzed to so that it fulfilled the specifications of automotive applications and simulated using a non linear model of the power stage. The fuzzy logic controller shows a good dynamic during soft start transients and stable regime. This fuzzy logic controller is ready to be implemented in an existent FPGA framework system, previously crafted for this porpoise. Following these work, more intensive test of different fuzzy controllers can be developed, analyzed and compared to this work.
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